Introduction {#s0010}
============

In recent years, the use of specific care bundles to control infection in the intensive care unit has been demonstrated to be effective, including ventilator-associated pneumonia (VAP) ([@bb0065]; [@bb0100]). Thus, zero VAP rates have been proposed as an indicator of quality in the Intensive Care Unit (ICU). This has generated debate regarding a lack of a gold standard definition and the recognition of ventilator-associated tracheobronchitis (VAT) not only as an intermediate status preceding VAP, but as an independent source of morbidity by itself worthy of antibiotic treatment ([@bb0040]; [@bb0135]; [@bb0070]). The difficulties with the interpretation of chest X-ray opacities in any critical patient, the sole determinant between the two of them, makes a challenge to differentiate consistently between VAT and VAP. Moreover, this difficulty on the classification of ventilator-associated infections may explain the poor correlation between the sustained decrease of VAP rates, antimicrobial use, and clinical outcomes reported in the last years ([@bb0055]; [@bb0130]).

In view of these circumstances, in 2013, the Centres for Disease Control and Prevention (CDC) replaced surveillance definitions from VAP to other preventable conditions related to mechanical ventilation (ventilator-associated events: VAE), which may predict outcomes, focusing on respiratory worsening and removing the need for the Chest X-ray interpretation ([@bb0075]). In these new definitions, the respiratory worsening becomes the key new point, advocating for identifying and monitoring all those processes that can cause respiratory deterioration (infectious or not) in the ventilated patient. This respiratory worsening is specified as the presence of hypoxemia and easily objectified by the changes recorded in two ventilator settings: fraction of inspired oxygen (FiO~2~) and positive end-expiratory pressure (PEEP).

2013-Ventilator-Associated Events (VAE) Definition {#s0015}
==================================================

There are three definition tiers within the 2013-VAE algorithm ([Fig. 1](#f0010){ref-type="fig"}A):(1)Ventilator-associated condition (VAC), when the respiratory worsening fulfills some criteria for detecting hypoxemia defined as an increase in daily minimum PEEP ≥ 3 cm H~2~O or FiO~2~  ≥ 0.20 sustained for at least 2 calendar days following a baseline period (2 calendar days) of stability or improvement.(2)Infection-related ventilator-associated complication (IVAC), if in view of the above, and the presence of general evidence of infection/inflammation, defined as altered leukocyte count (≥ 12,000 cells/mm^3^ or ≤ 4000 cells/mm^3^) and/or temperature (\> 38 °C or \< 36 °C), a new antimicrobial prescription has been started and sustained for at least 4 calendar days by the attending physician, and(3)Possible or probable pneumonia (PsVAP/PrVAP), if in addition to the above, there is a microbiological confirmation of a lower respiratory tract infection, defined as: purulent respiratory secretions or positive culture (qualitative, semi-quantitative or quantitative) in case of possible VAP or more strict microbiological criteria in case of probable VAP, where purulent secretions plus quantitative criteria are mandatory except for positive lung histopathology, positive pleural fluid culture and other tests as *Legionella* spp. Fig. 12013 CDC classification and 2015 update. ^§^Suspicion of infection: leucocytosis (≥ 12,000 cells/mL)/leucopenia (≤ 4000 cells/mL) or fever (≥ 38°C)/hypothermia (≤ 36°C).Fig. 1

This algorithm is not a clinical definition and it was not designed for use in the management of patients, but for hospital surveillance. The aim was to establish a new surveillance system to improve reliability on detecting quickly and easily VAP and other mechanical ventilation complications related to an increased intensive care unit length of stay and mortality. The final propose use was to be implemented for public reporting, inter-facility comparisons, and pay-for-performance programs in the United States. However, its clinical correlation is currently being reviewed and actively studied area.

Tiers 1 and 2 (VAC and IVAC) were definitions suitable for potential use in public reporting and comparing among facilities. Tier 3 (Ps/PrVAP), incorporating laboratory evidence, depends on microbiological techniques, some of them unavailable in certain institutions, so it was thought for internal use definitions and internal quality improvement. These three subtiers are mutually exclusive and VAE is referred as the sum of them.

VAE Surveillance Updates and Clinical Correlation {#s0020}
=================================================

Several modifications to the VAE definitions have been made since January 2013 in the light of the issues raised by the CDC\'s National Healthcare Safety Network (NHSN) users ([@bb0105]):•PEEP values between 0 and 5 cm H~2~O were considered equivalents for the purposes of VAE surveillance. Thus, an increase in the daily minimum PEEP to at least 8 cm H~2~O sustained for at least 2 calendar days is mandatory to meet the VAC definition.•Daily minimum PEEP and FiO~2~ were defined as those maintained for at least 1 h.•Purulent respiratory secretions definition was adapted and a list of antimicrobial agents eligible for IVAC was refined by removing selected antimicrobial agents that would not be used, or would be unlikely to be used, in treating a lower respiratory infection in critically ill patient ([Table 1](#t0010){ref-type="table"} ).Table 1Antimicrobial agents eligible for the diagnosis of IVAC[a](#tf0010){ref-type="table-fn"}.Table 1*Antibiotics*Amikacin\
Ampicillin\
Ampicillin/sulbactam\
Azithromycin\
Aztreonam\
Cefazolin\
Cefepime\
Cefotaxime\
Cefotetan\
Cefoxitin\
Ceftaroline\
Ceftazidime\
Ceftazidime/avibactam\
Ceftizoxime\
Ceftolozane/tazobactam\
Ceftriaxone\
Cefuroxime\
Ciprofloxacin\
ClarithromycinClindamycin\
Colistimethate\
Dalbavancin\
Doripenem\
Doxycycline\
Ertapenem\
Fosfomycin\
Gemifloxacin\
Gentamicin\
Imipenem/cilastatin\
Levofloxacin\
Linezolid\
Meropenem\
Metronidazole\
Minocycline\
Moxifloxacin\
Nafcillin\
Oritavancin\
OxacillinPenicillin G\
Piperacillin\
Piperacillin/tazobactam\
Polymyxin B\
Quinupristin/dalfopristin\
Rifampin\
Sulfamethoxazole/trimethoprim\
Sulfisoxazole\
Tedizolid\
Telavancin\
Telithromycin\
Tetracycline\
Ticarcillin/clavulanate\
Tigecycline\
Tobramycin\
Vancomycin*Antifungals*Amphotericin B\
Amphotericin B liposomal\
Anidulafungin\
CaspofunginFluconazole\
Isavuconazonium\
Itraconazole\
MicafunginPosaconazole\
Voriconazole*Antivirals*OseltamivirZanamivirPeramivir[^1]

In the 2015 update, probable and possible pneumonia were classified together as possible ventilator associated pneumonia (PVAP), and a new category (IVAC-plus) was created, comprising overall events meeting at least IVAC definition: the sum of IVAC + PVAP events ([Fig. 1](#f0010){ref-type="fig"}B). Moreover, episodes of mechanical ventilation were advised to be monitored and used as a new denominator for surveillance.

As for ventilator monitoring settings, if no value is maintained for at least 1 h, the lowest value is considered the daily minimum value. Upgrades regarding microbiological issues include community associated fungal pathogens exclusion, addition of six new antimicrobial agents and the use of non-culture based diagnostic test methods (e.g., PCR: polymerase chain reaction), being the current criteria to meet the PVAP definition resumed in [Table 2](#t0015){ref-type="table"} .Table 2Criteria that can be used to meet the PVAP[a](#tf0015){ref-type="table-fn"} definition.Table 21.Significative growth of a respiratory pathogen in culturesa.Endotracheal aspirate: 10^5^  CFU/mLb.Bronchoalveolar lavage: 10^4^  CFU/mLc.Protected specimen brush: 10^3^  CFU/mLd.Lung tissue: 10^4^  CFU/g2.Insufficient growth of a pathogenic microorganism plus purulent sputumPurulent respiratory secretions: ≥ 25 neutrophils and ≤ 10 squamous epithelial cells per low power field3.Evidence of lung infectiona.Pathogenic microorganism in pleural fluid culturesb.Positive lung histopathology:Abscess formationFoci of consolidation with intense polymorphonuclear accumulationEvidence of parenchyma invasion by fungus or virusc.Positive test for *Legionella* speciesd.Positive test for selected virus in respiratory samples[b](#tf0020){ref-type="table-fn"}[^2][^3]

Some changes are aimed to avoid misinterpretations of infection occurring during mechanical ventilation not attributable to a ventilation complication per se. For instance, the removal of antimicrobial agents that would be unlikely indicated in treating lower respiratory infection in a critically ill patient (e.g. oral chloramphenicol, nitrofurantoin, enteral vancomycin, daptomycin). However, meeting Infection-related Ventilator-Associated Complication (IVAC) definition does not mean that the "infection related" event is necessarily respiratory in origin. IVAC refers to any infectious event associated with a deterioration in respiratory function. In the context of the critical patient, the new empiric antimicrobial agent may have dual purposes and not aimed, at least exclusively, to a respiratory infection. What is more, central line associated blood stream infections (CLABSI) or secondary blood stream infections can trigger an IVAC (e.g. by inducing acute respiratory distress syndrome, hydric overload). Otherwise, it could be IVAC due to a ventilator-associated respiratory infection that not meet PVAP criteria and even though VAP or VAT episodes that not meet any VAE criteria as it has been reported ([@bb0050]; [@bb0150]; [@bb0140]; [@bb0165]). Thus, infectious ventilator-associated complications and non-infectious associated complications could be correlated with IVAC-plus and VAC events, respectively, IVAC-plus encompassing IVAC and PVAP with the purpose of avoiding missing some ventilator-associated infections but not referring exclusively to them. Nevertheless, some VAP and VAT still are being omitted, as it has been pointed out above.

Considerations When Reviewing VAE Research in the Literature {#s0025}
============================================================

There has been a lack of understanding of the VAE algorithm that have generated confusion in the literature due to an inappropriate application of the terms designed by the CDC.

First, VAE has not to be simplified as the new ventilator-associated pneumonia/ventilator-associated respiratory infections surveillance, since it broadens the spectrum of surveillance to other mechanical ventilation complications. Thus, it seems logical that multiple studies confirm a poor correlation between VAE and VAP or VARI. What it do not make sense that this fact impels some authors against the use of the VAE algorithm by arguing that they are not the same ([@bb0145]; [@bb0120]). Actually, the aim of the VAE algorithm is to be a good tool for surveillance and preventability purposes with impact on outcomes ([@bb0080]; [@bb0090]). Since there is not a good clinical correlation between them, and above all, VAE not including some VARI, they has to be interpreted as those events occurring during mechanical ventilation, which are worthy of appropriate efforts to preventability purposes because of their clear impact on outcomes. Among them but not limited, the infectious ones, which represents only those ventilator-associated respiratory infections with a great impact on patient outcomes.

Second, VAE frequently are referred as VAC in the literature ([@bb0020]; [@bb0045]; [@bb0175]; [@bb0015]) when VAC only includes those events with respiratory worsening exclusively, excluding those events that also fulfill IVAC or PVAP criteria. Thus, all VAC are VAE but not vice versa. Some studies about incidence and prevalence referring to VAC as VAE may be misleading and they have to be interpreted adequately to avoid errors when comparing taxes.

On another hand, the three tiers of VAE (VAC, IVAC, and PVAP) are excluding among them and not one including another, as it can be misinterpreted by some figures using Venn diagrams ([@bb0170]). In these diagrams, the groups are depicted in a series of different size circles, frequently VAC covering IVAC and PVAP. While it is true that the three of them share the first requirement to be defined as VAE, the respiratory worsening, and IVAC shares with PVAP the changes in temperature/white cell count and the antimicrobial prescription, all three tiers only are encompassed by the term VAE. The last update of the new algorithm solved this problem adding a new concept in the algorithm: the IVAC-plus events, that encompasses the other two tiers of the algorithm, IVAC + PVAP. Lately, some authors emphasize the first two tiers as "VAC only/alone" or "IVAC only/alone" when talking about VAEs subtypes to avoid misinterpretations ([@bb0085]; [@bb0125]) but other authors can still lead to misunderstanding using the term "IVAC only" meaning IVAC but again using the term IVAC meaning IVAC-plus ([@bb0025]).

In this scenario can be cautious when reading about incidence, clinical correlation and outcomes of both VAE and the three different tiers of VAE (VAC, IVAC, PVAP) apart from the updates of each definition e.g. studies corresponding to years previous to the 2015 update refer to possible pneumonia as a different concept as subsequent studies following the new update. Automated surveillance for ventilator-associated events through an updated electronic algorithm can help to solve some of these misunderstanding problems in addition to save hours of staff time spent in chart review ([@bb0060]; [@bb0160]) but again, the terms could not to be properly used ([@bb0110]).

Pediatric VAE Definitions and VAE Surveillance in Children {#s0030}
==========================================================

The VAE surveillance definition algorithm implemented by the NHSN in January 2013 was initially available for use in adult locations only. Later, a Pediatric VAE definition using changes in mean airway pressure (MAP) instead of PEEP setting, in addition of changes in the fraction of inspired oxygen was proposed ([@bb0035]) ([Fig. 2](#f0015){ref-type="fig"}A) and the CDC decided move forward with Pediatric VAE (PedVAE) development and implementation in NHSN. From 2019, inpatient location eligible to participate in pediatric VAE surveillance are those neonatal and pediatric locations in acute care hospitals, long term acute care hospitals, and inpatient facilities in the United States. As adults, chronic care units in acute care facilities are not eligible to participate in pediatric VAE surveillance.Fig. 2Pediatric VAE CDC definition and other pediatric modified proposals. ^a^Fraction of inspired oxygen; ^b^Mean airway pressure; ^c^Positive end expiratory pressure; ^d^Pediatric VAE (PedVAE): pediatric ventilator-associated event; ^e^Pediatric VAC (PedVAC): pediatric ventilator-associated condition; ^f^Pediatric AVAC: pediatric VAC with antimicrobial use; ^g^Pediatric PVAP: pediatric possible ventilator-associated pneumonia; ^h^VAEMP: Ventilator-Associated Event modified pediatric criteria; ^i^Suspicion of infection: fever (≥ 38 °C)/hypothermia (≤ 36 °C) or leukocytosis (≥ 12,000 cells/mL)/leukopenia (≤ 4000 cells/mL); ^j^VAC MP: Ventilator associated condition modified pediatric criteria; ^k^IVACMP: Infection-related Ventilator-Associated complication modified pediatric criteria; ^l^PsVAPMP: Possible Ventilator-Associated Pneumonia modified pediatric criteria; ^m^PrVAPMP: Probable Ventilator-Associated Pneumonia modified pediatric criteria; ^n^PedVAE: Pediatric Ventilator-Associated Event; ^o^PedVAC: Pediatric Ventilator-Associated VAC; ^p^PedIVAC-plus: Pediatric Infection-related Ventilator-Associated complication-plus; ^q^Ped-IVAC: Pediatric Infection-related Ventilator-Associated complication; ^r^PedPVAP: Pediatric Possible ventilator-associated pneumonia.Fig. 2

Pediatric VAE CDC definition differs from adult VAE apart from the use of MAP instead of PEEP (a sustained increase of the daily minimum MAP ≥ 4 cm H~2~O versus PEEP increase ≥ 3 cm H~2~O) also in the changes in the fraction of inspired oxygen (increase in daily minimum FiO~2~ of ≥ 0.25 instead of 0.20). In both cases, the respiratory worsening has to be sustained for at least 2 calendar days for meeting VAE criteria.

Likewise PEEP values considered equivalents for the purposes of surveillance in adult VAE definitions, for in patients \< 30 days-old, MAP values of 0--8 cm H~2~O are considered equivalent and the same for MAP values 0--10 cm H~2~O when referring to patients ≥ 30 days-old; Therefore, an increase in the daily minimum MAP to at least 12 cm H~2~O and 14 cm H~2~O respectively, sustained for 2 calendar days, would be needed to meet the pediatric VAE definition.

Patients on high-frequency oscillatory ventilation are included in pediatric VAE surveillance and also patients who are receiving a conventional mode of mechanical ventilation or high-frequency ventilation in treatment with surfactant, corticosteroids, nitric oxide therapy, heliox or epoprotenol therapy. As in adults, pediatric VAE are defined by a 14-day period, starting on the day of onset of worsening oxygenation (the event day) within a new pediatric VAE cannot be identified or reported until this 14-day period has elapsed.

The pediatric VAE definition adopted by the CDC is based on a multicentre retrospective cohort study involving 8862 patients in which several daily minimum MAP and FiO~2~ values were tested (4, 5, 6, 7, and 0.20, 0.25, 0.30, respectively). The final decision of the new definition threshold to identify VAC in pediatric patients (FiO~2~ 0.25 and MAP of 4 cm H~2~O) was reached searching for a "reasonable" event rate associated with higher morbidity and mortality. Although officially recommended for use in USA pediatric facilities from 2019, it has not been clinically correlated or compared with the 2008-CDC definitions to date. From then on, other pediatric definitions have been proposed. The first VAE variation ([@bb0010]) applied a daily minimum PEEP value of at least 2 cm H~2~O instead of 3 cm H~2~O used in the adult VAE surveillance definition and they found that this pediatric VAE variation was consistent with PNU1/VAP surveillance definition in terms of incidence. However, only one mechanical ventilation episode met both surveillance definitions. In the same year, there was used another modification of VAC/VAE criteria (VAC/VAE~MP~) ([@bb0030]) for also a minimum daily PEEP value greater or equal to 2 cm H~2~O instead of 3 cm H~2~O but sustained for at least 1 day instead the 2 calendar days considered in other pediatric and adult VAE definitions ([Fig. 2](#f0015){ref-type="fig"}B). This study, conducted in pediatric traumatic brain injury patients also showed low sensitivity to identify all PNU1/VAP using the new proposal. Another VAE variation ([@bb0140]) supported the use of an even more less restrictive new pediatric VAE definition (Ped-VAE) by expanding on Cirulis et al. proposal with an additional modification: increase in FiO~2~ of 0.15 *plus* an increase in PEEP of ≥ 1 cm H~2~O sustained for ≥ 1 day, apart from the increase of the daily minimum PEEP value of at least 2 cm H~2~O or 0.20 FiO~2~ sustained for ≥ 1 day ([Fig. 2](#f0015){ref-type="fig"}C). This is the only pediatric VAE definition prospectively validated in a cohort of children, which was resulted to have greater prediction accuracy for outcomes than 2008-CDC definitions and the adult VAE algorithm without effect on mortality.

All modified pediatric VAE proposals apart from CDC focus on changing the thresholds to meet the first tier of VAE (VAC) and retain the parameters for IVAC and PVAP used in adult definitions. The reasons argued by the authors for this less restrictive algorithm for pediatric VAE definitions were that most children present good pulmonary baseline conditions and can withstand mechanical complications better than children suffering from chronic conditions or adults, and that childhood is needed a shorter recovery time than in adulthood. Indeed, when the VAE adult criteria were applied by Peña-López et al. to children from a Pediatric Intensive Care Unit, incidence of VAE was fewer than in adults and their repercussion on mortality higher ([@bb0140]). By contrast, they obtained a fourfold increase in VAEs and the double of PVAP when using their less restrictive criteria for a respiratory worsening in their Ped-VAE proposal, and keeping the repercussion on outcomes. As in the adult population, the agreement between the new 2013-VAE and old 2008-CDC PNU/VAP definitions in children is poor ([@bb0115]) and the same for the new proposed pediatric definitions tested ([@bb0140]). Once again, a misinterpretation of these definitions may lead to reject their use but, on the contrary, an in-depth review can generate great interest not only for surveillance but also for their clinical use. Until now, the importance of monitoring ventilator settings as a surrogate for oxygenation had not been previously recognized even though hypoxemia had been suggested to be a main variable in assessing pneumonia resolution. Short courses of antibiotics have been suggested in suspected or confirmed infectious episodes non fulfilling VAE criteria ([@bb0095]). Oxygenation variations have been proposed as the cornerstone in the assessment of the ventilated patient when suspecting and treating a ventilator-associated infection, going one step beyond Chest X-ray opacities and inflammatory parameters ([@bb0155]). More research is needed to confirm this new approach.

Conclusions {#s0035}
===========

In summary, the ventilator-associated event definition implemented by the CDC and proposed as the new National Healthcare Safety Network surveillance definition in the United States to replace their former definition of VAP represents a new opportunity to overcome many of the weaknesses of traditional VAP surveillance and broadens the focus of surveillance encompassing other preventable conditions related to mechanical ventilation. The use of these new criteria in children requires an adaptation of the VAE definition in accordance with the peculiarities of the pediatric population. On another hand, neither VAE definition nor VAE tiers are neither sensitive nor specific for VAP or VAT, making difficult to create a clinical correlation; moreover, some VAE subtype terms (VAC and IVAC) are frequently misused in the literature leading to confusion. More research will be needed in the next years to establish the usefulness of the VAE algorithm and its applicability as a quality indicator.
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[^1]: *IVAC*, infection-related ventilator-associated complication.

[^2]: *PVAP*, possible ventilator-associated pneumonia.

[^3]: Pathogenic virus in respiratory samples: *influenza, respiratory syncytial, adenovirus, parainfluenza, rhinovirus, human metapneumovirus, coronavirus.*
